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http://eprints.soton.ac.ukBrillouin,  which  is  a  stronger  back  scattered  signal,  was  exploited  for  the  time 
domain  reflectometry  measurements.  This  resulted  in  22µε  of  temperature 
compensated strain resolution with a spatial resolution capability of 10cms.  
 
 
Although the combined performance of the Brillouin frequency in combination with 
Brillouin intensity proved better than the performance of the Brillouin frequency in 
combination  with Raman  intensity,  but  since  the  electronic  detection  system  was 
changed together with pulse widths between the two techniques that it was unclear as 
to which combinatory technique was best suited for designing the sensor. It is with 
this view that a theoretical analysis on the performance of the R-OTDR and B-OTDR 
was  carried  under  similar  sensor  parameters.  B-OTDR  is  identified  as  a  better 
technique  compared  to  the  R-OTDR  towards  providing  high  spatial  resolution 
temperature compensation feature to the Brillouin frequency based distributed strain 
measurements.   
 
The exploration also gave an opportunity to experimentally study for the first time 
the impact of simultaneously varying temperature and strain on the four Brillouin 
coefficients. This study proved useful in identifying the corrections to the Brillouin 
coefficients  in  order  to  estimate  the  true  value  of  strain  and  temperature  in  a 
temperature controlled variable strain environment.  
 
The thesis culminates with a summary of work, discussing the thresholds of various 
non linear effects together with means to improve the performance of the sensor. 
With the view of enhancing the sensor applicability, schemes of loss compensation 
are also discussed. In conclusion work for the future is highlighted.  ii 
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temperature and strain over long sensing ranges. The same scattering processes can 
still be exploited, but the real challenge in order to offer distributed strain sensing 
capabilities over short ranges is to design a sensor, capable of probing measurands 
with high spatial resolution features, typically much below a meter. With increasing 
interests in structural health monitoring of machines or civil structures such as dams, 
bridges,  aircraft  engines  etc,  the  idea  to  establish  reliable  high  spatial  resolution 
distributed strain measurements continues to be of immense importance.  
 
Strain, which is understood to be a measure of physical deformation caused in a 
particular direction with respect to original state, does not only result from direct 
physical deformations as a consequence of forces applied, but also emerges due to 
thermal effects. For instance in cases where a structure is subject to cyclic loading as 
part of routine tests for material characterisation in structural health monitoring, one 
witnesses substantial heating of the structure. Under such circumstances it becomes 
critical that the sensor, capable of offering high spatial resolution distributed strain 
measurements, is also designed with  additional features to account for thermally 
induced strain and also that strain measurement is independent of temperature. To 
address these problems witnessed in structural engineering environments, this thesis 
focuses on exploring the design of a temperature compensated high spatial resolution 
distributed strain sensor using fibre optic technology. 
 
The work carried out in this thesis is based on the author’s own research. Use of any 
material from other sources is clearly referenced. 
 
The thesis is divided into seven chapters. A brief description of each chapter is given 
below: 
 
Chapter  2  attempts  to  critically  appreciate  previous  contributions  to  distributed 
sensing  made  utilising  both  spontaneous  and  stimulated  Brillouin  scattering.  The 
techniques developed so far for distributed strain and temperature measurements are 
analysed with the view of identifying both merits and demerits of the techniques used 3 
 
in the past. The subject of this thesis is briefly mentioned before the chapter embarks 
onto an extended literature review highlighting  previous attempts with regards to 
making high spatial resolution distributed strain measurements with full temperature 
compensation. Lessons learnt from the critical analysis in this literature review were 
used to select, combine and develop the most promising techniques to be exploited.  
 
Chapter  3  describes  experimental  work  which  discusses  the  theory,  experimental 
layout, results, summary and conclusions of the combinatory technique of Brillouin 
frequency measurements and Raman intensity measurements. 
 
Chapter  4  similarly  explores  the  theoretical  and  experimental  aspects  along  with 
results, summary and conclusions associated with the other proposed combinatory 
technique involving Brillouin frequency and Brillouin intensity measurements. 
 
Chapter 5 dwells on the performance outcome of the Raman intensity based OTDR 
technique  with  the  Brillouin  intensity  based  OTDR  technique  whilst  probing  a 
sensing length of 100m with a spatial resolution of 10cms. The treatment of the two 
techniques in this chapter is theoretical but the outcome helps identify the superiority 
of one technique over the other, which could then be used for short range high spatial 
resolution  temperature  compensation  measures  during  distributed  strain 
measurements.  
 
Chapter 6 is a generic study on the validity of Brillouin coefficients experimentally 
tested on a temperature controlled strain rig. Motivation for this emerged due to lack 
of  any  experimental  evidence  in  literature  confirming  the  validity  of  Brillouin 
coefficients under conditions where the sensing fibre is subject to simultaneously 
varying strain and temperature. It was assumed that the coefficients would remain 
valid under such conditions, and all the previous work exploiting Brillouin scattering 
for simultaneous strain and temperature sensing was based on this assumption.  
 
Chapter 7 concludes the thesis with discussion of results and future work aimed at 
enhancing the sensor performance.  
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to the actual measurement point [20]. This results in the distortion of the pulse all the 
way  resulting  in  localised  measurements  getting  influenced  by  nonlocal  effects, 
leading to significant errors [21] in identifying the peak Brillouin frequency. Besides 
this fundamental problem with BOTDA the Brillouin loss mechanism in particular, 
whilst addressing the issue of long range sensing by amplifying the pulse power, 
introduces the danger of various non linear effects being triggered due to enhanced 
pulse powers. Despite the deficiencies identified with the conventional design of the 
BOTDA  techniques  (Brillouin  gain  and  Brillouin  loss),  there  still  was agreement 
over the fundamental spatial resolution probing limitation, i.e., below 1m, due to the 
pulsed nature of the technique, which implied immense broadening of the frequency 
spectrum  for  less  than  10ns  pulses,  an  understanding  which  was  arrived  at  as  a 
consequence of the principles of Fourrier transforms. But this understanding was 
abandoned when the BOTDA arrangement was set for Brillouin loss measurements 
using  <  10ns  pulses  [22].  The  outcome  of  this  experiment  was  interpreted  as  a 
breakthrough made towards providing sub-metre spatial resolution distributed strain 
or temperature sensing features using Brillouin frequency without compromising the 
natural Brillouin line width (~35MHz). The set up involved the same Brillouin loss 
method albeit with less than 10ns pulses. The interpretation of the result was not in 
agreement with the fundamental concepts of Fourier transforms, i.e., a short duration 
temporal response carries a broad band profile in frequency domain. In accordance 
with which one would expect a broadened Brillouin gain spectrum even in a BOTDA 
experiment where short duration (< 10ns) optical pulses are used. On the contrary 
Bao’s  group  reported  narrowing  of  Brillouin  gain  spectrum  despite  usage  of  3ns 
optical pulses.  
 
Soon the results were experimentally and theoretically reproduced [23] and a more 
logical explanation emerged. It was identified that due to a finite extinction ratio 
achieved with the EOM that the c.w Stokes leaking through, interacts with the c.w 
counter-propagating pump and yields a background signal represented by the natural 
Brillouin line width profile in the frequency domain. The short pulse interaction, 
however in line with principles of Fourier transform, results in a broadened Gaussian 
like profile, which is evident with high extinction ratio EOM output pulses too [23], 
but less evident for pulses with poor extinction ratio. This is because the gain of the 13 
 
This scheme of BOTDA arrangement comprised complete exploitation of c.w – c.w 
interaction and instead pump was switched off for a short duration. This implied that 
instead of using the leakage through the EOM of a finite extinction, a complete c.w – 
c.w  interaction  would  enhance  the  signal  to  noise,  which  would  result  in  more 
accurate identification of the peak Brillouin frequency shift, thereby estimating the 
implied strain or temperature more precisely, while the sub-metre spatial resolution 
probing of measurand was achieved by switching off the c.w pump for a short time 
duration, which in other words would imply an absence of pulse or even a dark pulse 
[19]. This dark pulse was created by gating the optical signal using an electro optic 
modulator (EOM). And it was this time duration of the off state that corresponded to 
the required spatial resolution. This technique was presented as an improvement over 
the bright pulse concept of the BOTDA method. In fact it was identified that with the 
option  of  the  dark  pulse  technique  which  does  not  suffer  the  handicap  of  pulse 
depletion that Brillouin gain method could still be used.  Moreover, since the dark 
pulse technique in Brillouin loss mode suffers the handicap of c.w pump depletion, 
over  long  sensing  lengths  the  Brillouin  gain  [18]  mode  appeared  all  the  more 
beneficial.  Interestingly, simulations also suggested [19] that Brillouin gain mode 
with dark pulse offered a stronger interaction yielding a 2-3 dB increase in signal 
level. A careful analysis of the experimental findings lead to an obvious conclusion 
about such techniques, i.e., they were all potentially useful for hot spot detection, 
which involves imposition of high temperatures or large strains capable of rendering 
large  frequency  shifts  greater  than  the  natural  Brillouin  linewidth.  However  the 
techniques  were  inappropriate  for  general  distributed  measurements  of  strain  or 
temperature, where the measurands may not bear significant variations between each 
other or the rest of the fibre over the entire sensing range.  
 
Despite  this  very  significant  restriction  to  hot  spot  detection  there  still  has  been 
interest in exploiting the idea of acoustic pre-excitation in the sensing fibre, with a 
rather misleading notion of applicability to distributed sensing. The reason for this 
has been the conscious exploitation of the explanation, regarding the c.w leakage due 
to a finite extinction of the EOM, which instead was given by Lecoeuche et al [23] in 
order to re-affirm the concepts of Fourier transforms, and to disprove the conclusions 
drawn by Bao et al [18]. 18 
 
a more reliable extraction of information of measurands, i.e., strain or temperature, 
with an independent axis optical interaction, which was not possible with previous 
[18, 19, 23-31] methods.  
 
The Brillouin dynamic grating scheme shifted the focus from a conventional single 
mode  standard  telecom  fibre  towards  a  special  fibre,  i.e.,  a  PM  fibre.  In  this 
technique the basic concept of BOTDA was initially limited to one axis of the PM 
fibre where the pulsed (generated by the electro optic modulator driven by the pulse 
generator)  and  c.w  (generated  by  the  single  side  band  modulator  driven  by  a 
microwave generator) counter propagating waves were made to interact in order to 
generate an acoustic wave grating [32]. The microwave generator driving the single 
side band modulator was scanned in order to generate the right Brillouin frequency 
shift influenced by the effective refractive index in that axis. The dynamic Brillouin 
acoustic grating generated by optical wave interaction in one axis extended over both 
axes. Moreover any changes in the local birefringence due to strain or temperature 
application to the fibre would have an influence on the acoustic grating too. Hence it 
was found that whilst the acoustic grating spreads itself, i.e., begins to share the 
information it contains about the state of strain or temperature pertaining to the axis 
in which it was generated, a short optical pulse, comparable to the one used for 
generation  of  the  acoustic  grating  could  be  sent  down  this  other  axis  where  the 
acoustic grating has begun to penetrate in order to arrange for an interaction between 
the Brillouin acoustic grating and this short optical pulse [33]. In order to identify the 
location of interaction between the pulse and the acoustic grating, standard principle 
of optical time domain reflectometry was applied, as shown in figure 8 [33]. This 
short pulse was regarded as the read out pulse, since it essentially was used to read 
the information carried by the acoustic grating. When it comes to usage of specialty 
fibres, the concept of exploiting the Brillouin dynamic grating (BDG) in PM fibres 
with  spatially  resolved  measurements  achieved  by  the  integration  BDG  with  the 
principles  of  B-OTDR  and  BOCDA,  as  discussed  later,  do  make  the  technique 
reliable, but also complicated. 
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Figure  8.  Experimental  layout  of  the  optical  time  domain  based  measurement  of 
Brillouin dynamic grating spectrum [33] 
 
 Experimental setup comprises LD - laser diode; SSBM - single-sideband modulator; 
EDFA - Er-doped fiber amplifier; PBS -polarization beam splitter; Pol. - polarizer; 
EOM - electro-optic modulator. The inset shows the structure of the fiber under test. 
 
The technique was further developed by introducing  the amalgamation of Brillouin 
optical correlation domain analysis (BOCDA, discussed in detail later) where the 
concept of Brillouin acoustic grating generation was localised to a specific region of 
the sensing fibre due to the underlying feature of BOCDA technique accessing one 
axis of the PM fibre and the read out optical signal sent down the other axis was also 
modulated in sync with those responsible for generation of the grating in a certain 
region of the fibre, shown in figure 9 [34 ].  
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Figure  9.  Experimental  layout  of  the  correlation  based  distributed  measurement 
technique of the Brillouin dynamic grating spectrum [34] 
 
This enabled the generation and reading of the acoustic grating in a specific region of 
the  sensing  fibre,  depending  upon  the  frequency  variation  produced  in  the  laser 
frequency due to the injection current modulation of the laser diode. The design of 
the introductory BDG technique [32] was very similar in its exploitation of c.w - c.w 
interaction in one axis yielding an acoustic wave grating which was later subjected to 
a  subsequent  interrogation  by  a  shorter  pulse  in  another  axis,  to  the  previous 
techniques of Brillouin loss/gain and Brillouin echo where the natural line width was 
preserved due to the c.w – c.w interaction while high spatial resolution was achieved 
by looking at the diffracted light emerging from shorter pulse and acoustic wave 
grating  interaction,  but  the  BDG  technique  soon  matured  and  came  up  with 
techniques agreeing fully with the basic understanding of Fourier transforms, i.e., 
interestingly none of the BDG related techniques [32-34] ever claimed sub-metre 
spatial resolutions, whilst exploiting optical signals in pulsed regimes.  
 
Overlooking  the  details  in  the  experimental  layout  of  the  BOTDA  techniques  of 
Brillouin loss (dark and bright pulse) and Brillouin echo [18, 19, 23-31] one can spot 
a  common  ground.  Since  the  measurand  interrogation  schemes  relied  on  the 
interaction between the short pulse and the continuously floating dynamic Brillouin 22 
 
 
Figure  10. Experimental layout of the distributed strain measuring technique based 
upon the BOCDA format [35] 
 
The method involves separating a frequency swept laser into two beams of light, one 
of which is frequency shifted by an amount close to the expected Brillouin frequency 
shift. Each of the two separated optical beams of light is launched into the opposite 
ends of the sensing fibre. A strong Brillouin interaction is localized to a region of the 23 
 
fibre corresponding to zero delay between the counter-propagating beams of light. 
Scanning the frequency of the frequency shifter allows the peak Brillouin frequency 
to be determined in this region. This region can then be swept along the fibre by 
delaying the phase of one beam relative to the other. This is normally achieved by 
incorporating a delay  fibre outside the sensing  fibre such that any  change in the 
frequency at which the frequency of the laser is swept translates into a change in 
phase and hence the sensing position along the sensing fibre. Since its inception, the 
BOCDA  technique  has  undergone  meticulous  improvements  by  the  inventors 
themselves  and  all  efforts  have  paid  off  towards  it’s  attainment  of  rigor  and 
robustness over the contemporary BOTDA techniques namely Brillouin loss/gain, 
Brillouin Echo, the earlier version of the Brillouin dynamic grating technique and the 
DPP-BOTDA technique [18, 19, 23-31], despite their authors continuing to  sell their 
achievements as fully distributed strain or temperature measuring sensors, though as 
discussed previously these techniques are only suited for hot spot detection.  
 
In  BOCDA  the  linear  separation  distance  between  correlation  points  along  the 
sensing fibre is directly proportional to the ratio of velocity of light in fibre and the 
modulation  frequency  of  the  laser.  For  the  ease  of  extraction  of  information 
regarding  strain  or  temperature  based  upon  shifts  in  peak  Brillouin  frequency 
spectrum, it is best to choose the sensing range such that there is only one correlation 
peak  within  that  sensing  fibre.  In  meeting  the  requirement  of  maintaining  the 
presence of a single correlation peak within the sensing fibre, the sensor limits itself 
with a sensing range governed by the separation between any two correlation peaks. 
Multiple correlation peaks result in either broadening of the Brillouin spectrum if the 
imposed temperature or strain values at the various correlation points are close or a 
Brillouin  spectrum  with  multiple  peaks  if  there  is  a  large  variation  between  the 
temperature or strain values at those correlation points. The requirement of ensuring 
a single correlation peak in the sensing fibre, limits the applicability of BOCDA to 
relatively short range sensing applications (~ at most a kilometre and below) [36]. 
Moreover the nature of the technique is such that it imposes a subtle relationship 
between the spatial resolution and the sensing range, i.e., a higher spatial resolution 
would inherently be attained over a small sensing range [37, 38]. Unlike the other 
high  spatial  resolution  claiming  techniques  [18,  19,  22-31],  BOCDA  probes 25 
 
 
 
 
Figure 11. Experimental layout of the distributed strain measuring technique based 
upon the BOCDR format [41] 
 
The  BOCDR  technique  provided  high  spatial  resolution  dynamic  strain 
measurements [42] along with the sensing range enlargement right up to a kilometre 
[43]. Although the technique provided single ended access to the sensing fibre which 
was quite an advance from the classical BOTDA but it continues to yearn for much 
improvement in order to outclass the achievements of BOCDA, especially in the 
department of high spatial resolution probing of measurand.  
 
Interestingly  so,  although  the  handicap  of  inaccessibility  to  long  range  sensing 
associated with BOCDA was labelled as the obvious downside to the technique, as a 
consequence  of  its  fundamental  working,  yet  it  was  soon  identified  as  providing 
fierce  competition  to  contemporary  techniques  within  the  domain  of  short  range 
Brillouin  scattering  based  sensing  providing  unrivalled  high  spatial  resolution 
capabilities.Indisputably  its  attractiveness  for  distributed  short  range  high  spatial 
resolution sensing is its elegance of preserving the natural Brillouin line width whilst 
continuing to exploit the Brillouin frequency for distributed strain measurements. 
This  technique  of  using  the  Brillouin  frequency  in  a  manner  capable  of 28 
 
The first stage in this cascaded arrangement comprised a double pass Mach Zehnder 
to filter the Brillouin from the Rayleigh. It resulted in 28dB rejection of Rayleigh. 
The second stage of the Mach Zehnder involved locking Brillouin frequency at the 
quadrature  point  for  detection  of  Brillouin  frequency  shifts  emerging  due  to 
temperature changes in a section of sensing fibre. The single ended sensor design 
proposed by Kee et al [9] was very novel and immensely useful for independent long 
range distributed measurements of strain and temperature. It achieved 4°C and 290µε 
of temperature and strain resolutions respectively, over a sensing range of 15km with 
a spatial resolution of 10m.  
 
Despite the achievements of the double pass Mach Zehnder approach, the idea for a 
more  robust  commercial  solution  with  improved  signal  to  noise  ratio  lead  to  the 
exploration of the coherent detection scheme [46], explained in section 2.1, figure 1.  
The  scheme  proved  extremely  advantageous  and  demonstrated  an  improved 
simultaneous strain resolution of 100µε over a sensing range of 30km with a spatial 
resolution of 20m, whilst reproducing the temperature resolution previously achieved 
in  Kee’s  [9]  sensing  scheme.  Additionally  this  work  also  contributed  towards 
distributed  temperature  measurements  over  57km,  with  RMS  error  in  frequency 
measurement of less than 3MHz for over the entire length and under 0.6MHz for the 
first 40km. Although the results were an outcome of the very early works in the 
microwave detection scheme series, yet they stand a unique place in comparison to 
other long range works to date [48, 49].  
 
Whilst  the  results  from  the  coherent  detection  scheme  [46,  11,  12,  13]  were 
continually improving, an alternative technique for separating temperature and strain 
effect was proposed using nonzero dispersion shifted fiber (LEAF) which exhibited 
two different Briilouin peaks by Lee et al [50]. This approach of measuring the two 
Brillouin frequencies in a multi compositional fiber core (LEAF) for unambiguously 
resolving temperature and strain in a distributed sensor [50] was investigated further 
by Alahbabi et al. [51] who compared its performance with the measurements of 
intensity  and  frequency  for  the  single  Brillouin  peak  in  a  standard  single  mode 29 
 
telecommunication fibre. Alahbabi et al. reported that the two Brillouin frequency 
components of the LEAF exploited to determine the temperature and strain produced 
almost sevenfold deterioration in the temperature resolution, i.e., from 4.10 °C to 
27°C and more than fourfold deterioration in the value of strain resolution compared 
with  that  of  SMF.  It  was  also  inferred,  despite  the  ability  of  the  data  collection 
system  to  detect  peak  frequency  to  a  resolution  better  than  a  few  MHz  at  the 
demonstrated range of 22km, the exploitation of dual Brillouin peaks using LEAF 
imposed more stringent requirements on the accuracy of frequency measurements. 
That  is  to  say,  a  differential  frequency  change  exploited  to  acquire  temperature 
information in the case of LEAF lowered the required frequency change as a function 
of temperature from 1MHz/°C to 190kHz/°C. Moreover, for a temperature resolution 
better than 1°C, the requirement for individual frequency resolution was found to be 
approximately  135kHz,  which  would  in  practise  be  difficult  to  achieve  in  the 
presence of noise for a 35MHz spontaneous Brillouin linewidth.  
 
A few months later, much in line with exploiting different fibres for simultaneous 
measurements  of  distributed  strain  and  temperature,  Bao’s  group  introduced  the 
possibility of using polarization maintaining (PM) [52] fibres, namely Panda, bow-
tie, and tiger, for similar purpose. The reason for using PM fibres was largely centred 
on exploiting the fact that the otherwise random state of polarization which is due to 
polarization mode dispersion in standard single mode fibre, would be eliminated by 
using a PM fibre. Hence any further power fluctuation would then, only be attributed 
to  the  laser  source.  Due  to  elimination  of  state  of  polarization  fluctuation  in  the 
power measurement with SM fibres, it was hoped that strain and temperature could 
simultaneously  be  probed  with  centimetres  of  spatial  resolution  using  PM  fibres 
instead,  which  an  SM  fibre  would  otherwise  limit  to  a  metre  spatial  resolution. 
However, due to nonlinear Brillouin amplification of fluctuation induced by the laser 
power a higher uncertainty was identified in combining the individual information 
obtained from the Brillouin power and frequency measurements.  
 
Another attempt towards discriminative strain and temperature sensing was made by 
Alahbabi et al by combining Billouin frequency and spontaneous anti-Stokes Raman 
power measurements [53] achieving temperature and strain resolutions of 6°C and 39 
 
proven advantageous over the power and frequency approach for long-range sensing 
[8].  
 
At short sensing ranges, requiring sub-metre spatial resolution, spectral broadening 
of the pulse limits the achievable accuracy of Brillouin frequency measurements. 
This  is  because  the  resultant  Brillouin  spectrum  is  a  convolution  of  the  pulse 
bandwidth  and  Brillouin  natural  linewidth.  As  discussed  previously,  an  elegant 
technique which overcomes this problem and achieves high spatial resolution of the 
order of millimetres is Brillouin Optical Correlation Domain Analysis (BOCDA) [9] 
(figure 10, chapter 2) technique. A frequency swept laser output is split using a fibre 
coupler. One of the output light beams is frequency shifted by an amount close to the 
expected Brillouin frequency shift using an electro optic intensity modulator (EOM), 
driven by a high frequency (~ 9GHz – 11GHz) synthesizer, the other is fed through a 
delay fibre followed by another EOM, driven by a low frequency (~kHz) square 
wave input from a standard signal generator. The output of the signal generator is 
split such that a simultaneous input can also be provided to the lock-in amplifier. 
These two beams of light are then launched into the opposite ends of the sensing 
fibre.  
 
Strong  Brillouin  interaction  is  localized  to  a  region  of  the  sensing  fibre 
corresponding to zero delay and hence constant frequency difference between the 
counter-propagating beams of light. Scanning the high frequency synthesizer driving 
the  EOM,  allows  for  the  Brillouin  frequency  gain  spectrum  to  be  generated.  A 
Lorentzian function is fitted to this Brillouin frequency gain spectrum in order to 
identify  the  peak  Brillouin  frequency  corresponding  to  the  region  under 
interrogation. The position of this region under interrogation can then be swept along 
the sensing fibre by delaying the phase of one beam relative to the other. This phase 
delay between the counter propagating beams of light is achieved by incorporating a 
delay fibre outside the sensing fibre such that any change in the frequency at which 
the frequency of the laser is swept translates into a change in phase and hence a 
change in the sensing position along the sensing fibre.  46 
 
Figure  2a.  Proposed  scheme  for  the  temperature-compensated  distributed  strain 
sensor system 
 
 
Figure 2b. Detailed layout of the 135m sensing fibre. 
 
The details of the scheme presented in figure 2(a) can be more easily understood by 
examining the experimental layout of the individual techniques i.e., R-OTDR and 
BOCDA  that  have  been  combined  in  order  to  demonstrate  the  temperature 47 
 
compensation  feature  during  a  sub-metre  spatial  resolution  distributed  strain 
measurement. 
 
The R-OTDR setup comprised a continuous wave (CW) laser diode (1) operating at 
1550nm (linewidth ~ 5MHz) with an output power of 20mW, followed by an optical 
isolator,  preventing  back  reflections  from  damaging  the  diode.  A  polarization 
controller  was  used  to  align  the  azimuth  of  the  linear  light  to  the  electro  optic 
intensity  modulator  (EOM  (1)).  EOM1  with  an  insertion  loss  of  3dB  and  an 
extinction ratio of 18dB, was used to gate the CW optical output from the laser diode 
1  using  a  pulse  generator  (PICOSECOND  PULSE  LABS,  model  no.  2600  B) 
operating at 1ns pulse width at a repetition rate of 10kHz. This combination of the 
pulse width and repetition rate rendered a duty cycle of 10
-5. An isolator was used 
immediately  after  the  EOM1  in  order  to  suppress  the  backward  amplified 
spontaneous emission (ASE) from the erbium doped fibre amplifier (EDFA (1)) with 
a 30dB optical gain, potentially capable of damaging the EOM (1). An acousto optic 
modulator (AOM) with an insertion loss of 4dB and extinction ratio of 40dB was 
used immediately after the EDFA (1) to suppress any inter-pulse ASE component 
from the first 30dB gain EDFA (1). The pulse after the AOM was amplified to a peak 
power of 240W using two stages of EDFA 3 & EDFA 4, each with a gain of 9dB, 
combined with two ASE filtering stages using circulators C1 and C2 and fibre Bragg 
gratings, FBG (1) and FBG (2), both centred at 1550nm with 3dB bandwidth of 3nm 
and side band suppression of 30dB. The purpose of the ASE filtering stages was to 
get rid of the ASE which was capable of clipping the gain in the subsequent amplifier 
stages,  preventing  signal  amplification.  The  amplified  pulse  with  peak  power  of 
240W was launched into the sensing fibre via the circulator C3, which was also 
responsible for channelling the backscattered signal onto the detector. 
 
The  spontaneous  Raman  anti-Stokes  backscattered  signal  was  separated  from  the 
Rayleigh and Brillouin signals by an optical filter series, comprising a 5nm (3dB 
bandwidth) broad band fibre Brag grating centred at 1550nm with 30dB side band 
suppression,  used  in  transmission  along  with  two  20dB  edge  filters  with  cut  off 52 
 
 
 
Figure 3a. The Brillouin peaks corresponding to the fibre kept at 25°C and heated to 
52°C 
 
The plot in figure 3b shows the shift in the peak Brillouin frequency, arising as a 
consequence of moving the correlation peak from section 1 to section 2. While the 
plots in figure 3c show the Brillouin gain distribution across sections 1 and 2, at peak 
Brillouin frequency of the unheated (10853MHz) and heated (10881MHz) regions. A 
spatial resolution of 19cm was calculated using a 10/90% step response from figure 
3c.  
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Figure 3b. Step change in the Brillouin peak frequency when scanning the correlation 
peak from the unheated to heated region. 
 
The  change  in  the  Brillouin  frequency  shift  was  measured  to  be  28MHz,  which 
corresponded to a coefficient for the change of the Brillouin shift with temperature of 
1.04MHz/°C.  A  5MHz  (~  5°C)  drift  in  the  heated  section  was  attributed  to  a 
temperature gradient present on the hot plate.  
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Figure 4a. The Brillouin peaks corresponding to the unstrained fibre and strained 
fibre sections. 
 
The plot in figure 4b shows the shift in the peak Brillouin frequency, arising as a 
consequence of moving the correlation peak from section 3 to section 4. While the 
plots in figure 4c show the Brillouin gain distribution across sections 3 and 4, at peak 
Brillouin  frequency  of  the  unheated/unstrained  (10853MHz)  and  strained 
(10879MHz) regions. A spatial resolution of 18cm was calculated using a 10/90% 
step response from figure 4c.  
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The difference in offsets seen before and after the sensing fibre is attributed to the 
use of an ac coupled APD detector together with pump depletion effects. 
 
 
Figure 5a. Black plot - R-OTDR trace of the fibre in section 2 kept at 23.8°C, Red 
plot - R-OTDR trace of the fibre in section 2 heated to 52°C. 
 
Figure 5 b shows the backscattered traces for the heated portion of the sensing fibre 
subjected to temperatures of 52.0°C (indicated by a red line), 62.0°C (indicated by a 
green  line)  and  71.5°C  (represented  by  a  blue  line)  and  normalized  by  the  trace 
obtained at room temperature of 23.8°C.  
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Figure 5b. The normalized R-OTDR plots of the fibre in section 2 heated to different 
temperatures. 
 
The intensity change for the five different temperatures is plotted in figure 6.  
 
Figure  6.  The  %  intensity  change  of  the  Raman  anti-Stokes  signal  versus 
temperature. 77 
 
 
Figure 1b. Detailed layout of the 131 m sensing fibre 
 
The R-OTDR set up was modified in order to meet the requirements for the B-OTDR 
setup. These changes comprised: 
 
1)  Replacing  the  distributed  feedback  laser  diode  operating  at  1550nm  by  a 
tuneable laser (1) operating at 1533.9nm (linewidth ~ 100kHz). Use of the 
tuneable laser allowed for the aligning of the narrow linewidth (~35MHz) 
Brillouin signal with the fibre Bragg gratings used during the filtering of the 
Brillouin backscattered signal.   
2)  Removing the two stages of pulse amplification and ASE cleaning using the 
fibre Bragg gratings. The two stages of pulse amplification were used in the 
case of R-OTDR for high peak power pulses. However in the case of B-
OTDR  much  lower  peak  power  was  required,  i.e.,  1W  –  2W,  which  was 
achieved with a single amplification stage sandwiched between the EOM and 
AOM, as shown in figure 1(a).   
3)  Adding a 30dB erbium amplifier stage for the amplification of backscattered 
signal  together  with  a  cascaded  tuneable  fibre  Bragg  grating  arrangement 
initially centred at 1533.8nm with a 3dB bandwidth of 3.5GHz and side band 
suppression in excess of 30dB. The Brillouin backscattered signal overlapped 
with the erbium gain bandwidth and hence the erbium amplifier was used to 
increase the signal level. Cascaded fibre Bragg gratings were used in order to 
reduce  the  ASE  noise  and  to  ensure  that  whilst  filtering  Brillouin  the 79 
 
 
Figure 1(b) shows the same sensing fibre with the same set up as used previously, 
with some minor changes to the layout. These changes comprised: 
 
1)  Removing 4m of fibre from the previously used 42m of section (5), thereby 
reducing its length to 38m, and the total sensing length to 131m. With 135m 
of  sensing  length,  increased  sinusoidal  sweep  rates  as  mentioned  above 
resulted in more than one correlation peak within the sensing length. So in 
order to limit to a single correlation despite increased sweep rates the sensing 
length had to be reduced by 4m.  
2)   Increasing the strain on section 4 of sensing fibre from the previously used 
value of 571.4 ε to 1044.4 ε. In the previous chapter the shift in the Brillouin 
frequency observed from the heated and strained regions during the BOCDA 
experiments  was  nearly  similar.  For  safety  reasons  the  temperature  of  the 
heated section could not be raised any higher but the strain could easily be 
increased.  Hence  the  strain  value  was  chosen  to  be  almost  twice  the 
previously  used  value  in  order  to  impose  dissimilar  impact  of  strain  and 
temperature on the Brillouin frequency shift.   
 
Table 1 summarizes the details of each section of the sensing fibre.  
Table 1: 
Sections  1  2  3  4  5 
Length 
(m) 
42  14.5  33  3.5  38 
Strained  No  No  No  Yes  No 
Heated  No  Yes  No  No  No 
Table 1. Detail of five sections of the 131m sensing fibre. 81 
 
 
Figure 2a. The Brillouin peaks corresponding to the fibre kept at 25°C and heated to 
52°C 
 
The plot in figure 2b shows the shift in the peak Brillouin frequency, arising as a 
consequence of moving the correlation peak from section 1 to section 2.  
 
 
The  change  in  the  Brillouin  frequency  shift  was  measured  to  be  28MHz,  which 
corresponded to a coefficient for the change of the Brillouin shift with temperature of 
1.04MHz/°C.  A  4MHz  (~  4°C)  drift  in  the  heated  section  was  attributed  to  a 
temperature gradient present on the hot plate.  
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Figure 2b. Step change in the Brillouin peak frequency when scanning the correlation 
peak from the unheated to heated region. 
 
Plots in figure 2 c show the Brillouin gain distribution across sections 1 and 2, at 
peak  Brillouin  frequency  of  the  unheated  (10853MHz)  and  heated  (10881MHz) 
regions. A spatial resolution of 10cm was calculated with a 10/90% step response 
from figure 2(c). 
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Figure 4a. Black plot - B-OTDR trace of the fibre in section 2 kept at 23.8°C, Red 
plot - B-OTDR trace of the fibre in section 2 heated to 52°C 
 
The slope in figure 4a is attributed to the ac coupling of the APD. No satisfactory 
explanation has yet been found for the difference in the offsets.  
 
Figure 4b shows the backscattered traces for the section 2 of the fibre heated to 
52.0°C  (indicated  by  red  plot),  62.0°C  (indicated  by  green  plot)  and  71.5°C 
(represented by blue plot), normalized by the trace obtained at room temperature of 
23.8°C. The RMS intensity noise measured on the trace with 14.5m fibre heated to 
52°C (red plot) was 0.34%, which yielded a temperature resolution of 0.95°C.  
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Figure 4b. The normalized B-OTDR plots of the fibre in section 2 heated to different 
temperatures. 
 
The intensity change for the five different temperatures is plotted in figure 5. The 
data points are fitted with a straight line with the value of R
2 =0.99. 89 
 
 
         Figure 5. The percentage intensity change of the Brillouin anti-Stokes signal 
         versus temperature 
 
The  slope  corresponding  to  the  coefficient  of  intensity  change  with  temperature 
extracted from the equation of a linear fit to the plot in figure 5 was 0.36%/°C, which 
is in agreement with the previously reported value [1]. 
 
Figure 6 shows the normalized plot of anti-Stokes Brillouin intensity as a function of 
sensing length corresponding to the transition region between the un-heated section 1 
and heated section 2 of the 131m sensing fibre.  
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Figure 1. The sharp transition edge of the FBG in black separated by 11GHz of the 
numerically  estimated  Gaussian  function  plots,  representing  broadening  of  the 
Rayleigh signal due to SPM  
 
Corresponding to the plots shown in figure 1, table 1 summarises the percentage 
contamination of Brillouin signal and the FWHM value of the broadened Rayleigh 
signal. Equation 12 of chapter 3 is used to convert the spectral width in wavelength 
corresponding to the broadened Rayleigh signals shown in figure 1, to its equivalent 
FWHM values in frequency domain shown in table 1. 
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Figure 3b. Detail of the sensing fibre along with reference fibres 
 
The output of the laser diode (linewidth ~ 5 MHz, 1533.95nm) was pulsed using an 
acousto-optic  modulator  to  achieve  30ns  rectangular  shaped  optical  pulses  at  a 
repetition rate of 1MHz. These were amplified to peak powers of 1W before being 
launched into the sensing fiber. The backscattered anti Stokes Brillouin signal was 
amplified  and  filtered  using  two  tunable  narrow  gratings  (3dB  bandwidth  of 
3.5GHz).  
 
The grating characteristic, shown in figure 4, was acquired by shining an ASE source 
onto  the  grating  and  collecting  the  reflected  light  from  the  grating  on  an  optical 
spectrum analyser set at a resolution of 20MHz over 1GHz span. The reflectivity of 
these gratings varied less than 0.03% over the temperature range of 23.6°C – 69.5°C. 
The filtered Brillouin backscattered signal was detected using a 200MHz bandwidth 
detector.  Strain  in  the  environmental  chamber  was  imposed  by  applying  weights 
using a pulley system as shown in figure 2. 
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Figure 4. The reflection spectrum of the 3.5GHz (3dB linewidth) tunable grating 
 
The  backscattered  anti-Stokes  Brillouin  traces  for  varying  temperatures  at  fixed 
values of strain, i.e., 275 ε, 567 ε, 828 ε, 1120 ε, 1285 ε, 1463 ε were collected 
and normalised using the anti-Stokes Brillouin traces collected at room temperature 
under similar influences of strain. Traces normalised in this manner were used to 
estimate  the  Brillouin  intensity  coefficient  for  temperature  at  different  values  of 
strain i.e., 275 ε, 567 ε, 828 ε, 1120 ε, 1285 ε, 1463 ε.  
 
Similarly the backscattered anti-Stokes Brillouin traces for varying strain at fixed 
values of temperature, i.e., 29.8°C, 39.6°C, 49.3°C, 59.6°C, 69.5°C were collected 
and normalised using the backscattered anti-Stokes Brillouin traces collected at 0 ε 
under similar temperature influences. These normalised traces were used to estimate 
the Brillouin intensity coefficient for strain at different values of temperature i.e., 
29.8°C, 39.6°C, 49.3°C, 59.6°C, 69.5°C. 
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Plots  in  figure  6,  show  the  shifts  in  peak  Brillouin  frequency  corresponding  to 
applied temperature at fixed values of strain imposed to the 7m section of the sensing 
fiber.  
 
 
Figure  6. The plots for changes in peak Brillouin frequency with temperature at 
different values of strain 
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Plots in figure 8, show the percentage changes in anti-Stokes Brillouin intensity with 
strain at fixed values of temperature imposed to the 7m section of the sensing fibre.  
 
 
Figure 8. The plots for percentage change in anti-Stokes Brillouin power with strain 
at different values of temperature 
 
The strain imposed by applying weights to the fibre, between temperature range of 
23.6°C to 69.5°C, was computed using the corresponding Young’s modulus values 
from the plot shown in figure 9. 
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Figure  12  shows  the  Brillouin  power  coefficient  for  temperature  under  different 
values of applied strain, while figure 13 shows Brillouin power coefficient for strain 
under different values of imposed temperature.  
 
The value of slope, calculated from the linear regression fit in these plots, provides 
an estimate of the variation in the Brillouin power coefficient for temperature under 
different strains and also of the Brillouin power coefficient for strain under different 
temperatures. 
 
 
Figure 12. The variation of Brillouin intensity coefficient for temperature at different 
values of strain 
 
   
Figure 13. The variation of Brillouin intensity coefficient for strain at different values 
of temperature 
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estimate another set of corrected Brillouin coefficients, which are used in equations 7 
and 8 resulting in the change in stain and change in temperature values of 958.5µε 
and  49.9°C.  The  process  is  iterative  and  continues  until  the  percentage  variation 
between two successively computed values for the change in strain and change in 
temperature  is  1%  or  less.  Table  2,  summarises  the  impact  of  iterations  on  the 
percentage variations between the two successively calculated change in strain and 
change in temperature values.  
 
Number of 
Iterations 
Change in 
strain 
Percentage 
variation 
between 
successive 
iteration 
Change in 
temperature 
Percentage 
variation 
between 
successive 
iteration 
1  1024µε   
-5.8% 
-0.5% 
48°C   
4.19% 
-0.39% 
 
2  963.7µε  50.1°C 
3  958.5µε  49.9°C 
Table 2. Results for the change in strain and the change in temperature values 
together with percentage variation in them between successive iterations  
 
According to table 2, for the frequency change of 100MHz and percentage change in 
intensity of 15%, the true values for the change in strain and change in temperature 
are computed to be 958.5µε and 49.9°C respectively. The value for the change in 
strain was achieved at the end of the third iteration, when the percentage variation for 
the change in strain value, between the second and the third iteration reduced to 0. 
5%. The value for the change in temperature was also achieved at the end of the third 
iteration, when the percentage variation for the change in strain value, between the 
third and the second iteration reduced to 0.39%. 140 
 
spatial resolution. The discussion following the experimental work clearly identify 
further improvements in the signal levels of the B-OTDR measurements, resulting in 
reduced  data  averaging  times.  Table  2  summarises  the  achievements  till  date  in 
measuring temperature  compensated distributed strain. The term STF  used in the 
table below stands for standard telecommunications fibre, while the term PM stands 
for polarization maintaining fibre.  
 
Ref.  Spatial  
Res. 
Strain  
Res. 
Temp. 
 Res. 
Fibre 
type 
Range  Technique Used 
[7]  20m  100 ε  4°C  STF  30km  Coherent detection 
of spontaneous 
Brillouin 
backscatter 
[8]  5m  85 ε  3.5°C  STF   50km  Coherent detection 
of spontaneous 
Brillouin 
backscatter with in 
line Raman 
amplification 
[9]  1.3m  80 ε  3°C  STF  6.3km  Microwave 
detection system 
for spontaneous 
Brillouin 
backscatter 
[10]  20cm  9 ε  0.4°C  PM   6m  DPP-BOTDA 
[11]  10cm  12 ε  0.3°C  PM  8m  BOCDA 
[12]  5cm  63 ε  2°C  STF  18m  BOCDA +BOTDR 
Table 2. The achievements of previous techniques with spatial, temperature and 
strain resolutions respectively 
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 Figure 2, shows an example where the acoustic velocity profile has been designed 
such  that  the  Brillouin  gain  spectrum  (BGS)  has  a  multitude  of  acoustic  modes 
spread across a wide frequency range [14]. The dashed line represents the location of 
the optical core. The top BGS corresponds to a conventional Ge-doped step-index Er 
fiber,  while  the  lower  plot  shows  an  Er-doped  fiber  designed  to  have  multiple 
acoustic modes spread across a wide frequency range. The spectrum in figure 2 is 
broadened  between  11.2GHz  to  11.5GHz,  which  can  be  attributed  to  acoustic 
waveguide loss that tends to broaden the spectrum. Such a spectral broadening is 
explained as a consequence of change in the longitudinal field in the cladding from 
evanescent to radiative within an infinite-cladding model [14]. 
 
        
Figure 2. Normalised Brillouin gain spectrum BGS of a conventional (top) and a 
Brillouin-tailored (bottom) fibre measured at 1534nm. The acoustic velocity profiles 
are shown and the dashed line shows the location of the core [14] 
 
Whilst  the  fibre  fabrication  community  has  largely  focussed  on  exploiting  the 
broadening of the BGS for high power fibre laser applications that the same concept 144 
 
finds applications within the distributed sensing community where the multiple peaks 
as shown in figure 2 of the BGS could potentially have different response to strain 
and  temperature  effects.  Different  responses  to  temperature  and  strain  based  on 
multiple Brillouin peaks in a BGS would eventually help develop sensors allowing 
for  the  temperature  compensated  distributed  strain  measuring  capabilities,  as 
demonstrated earlier in chapters 3 and 4, except for the fact that it would involve a 
special fibre. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 